We introduce a general theoretical approach for the simulation of photochemical dynamics under the influence of circularly polarized light in order to explore the possibility of generating enantiomeric enrichment through polarized-light-selective photochemistry.
Introduction
The building blocks of life on Earth, like enzymes and nucleic acids, are composed of homo- is equipped with a "Cometary Sampling and Composition" (COSAC) instrument which is able to identify, separate and quantify organic molecules, including enantiomers expected to be found in cometary ices 3 . After its complicated landing on the comets surface on 12th
November 2014 most of the experiments were finished two days later. The COSAC module has successfully identified several organic molecules 4 . Unfortunately, due to its disadvantageous final position the Philae lander lost its power, such that not all measured data were transferred to Earth. However, the lander awakened on 13th June 2015 for several days and sent a subset of the 8000 measured data sets, which are partly still under investigation 5 .
The optical activity of chiral molecules is their inherent property that arises as a consequence of the specific interaction of the electric and magnetic dipoles with the electric/magnetic components of the polarized light. Thus, several photochemical mechanisms for generating ee [6] [7] [8] were proposed based on the interaction with polarized light that is present in the interstellar space 9, 10 . In circularly polarized light (CPL) the electric and the magnetic field, which are perpendicular to each other, rotate about the axis of the direction of field propagation. The helicity of the rotation determines the handedness of the CPL. The different absorption cross section of left (L-)CPL and right (R-)CPL by chiral molecules is known as circular dichroism (CD) and can lead to the preferential photochemical fragmentation of one of the enantiomers, and thus the remaining substance becomes enriched in the other form 7, 11, 12 . This makes the exposition of extraterrestrial organic material to CPL on cosmic objects a promising mechanism for ee.
Although ultrashort laser pulses are not particularly relevant in the astrochemical context, employing such pulses in the laboratory for the detection of CD opens new perspectives for the application of time-resolved spectroscopy and optimal control by pulse shaping to chiral molecules. Time-dependent CD (TDCD) spectroscopy has lead to mechanistic insights into fundamental photochemical processes 13, 14 . Due to the weak CD effect, measuring TDCD is an experimentally challenging task. Rhee et al. presented a vibrational TDCD spectroscopy study employing femtosecond laser pulses 15 . Ultrashort laser pulses were also successfully applied to mass spectrometric measurements for the separation of enantiomers [16] [17] [18] [19] .
From the theoretical point of view dynamical CD effects have only been studied in the frame of electron dynamics simulations with fixed nuclei so far 20-24 . For a two-level chiral model system it has been shown that a state population difference induced upon excitation by left-and right CPL can occur. The origin of CD are the magnetic transition dipole moments, which have the same magnitude but an opposite sign for the two enantiomers.
However, the magnetic transition dipole moments are two orders of magnitude smaller than their electric counterparts and the selectivity of excitation depends strongly on the orientation of the electric and magnetic dipole moments to the external laser field 20, 21 . Extensive studies on TDCD effects of 3-Methylcyclopentanone, employing laser-driven electron dynamics, demonstrated the influence of polarized laser pulses on electronic state populations and ion yields due to multiphoton excitations [22] [23] [24] . As yet, all theoretical investigations however neglect the influence of the nuclear motion leading to nonadiabatic coupling between the electronic states. The explicit treatment of the nuclear dynamics is essential for the understanding of the photochemical processes in chiral molecules under the influence of CPL. In this context, a particularly attractive approach which is generally applicable also to complex systems is based on the semi-classical molecular dynamics "on the fly", in which the nuclear motion is described by classical trajectories and the electronic structure is calculated using various quantum chemical methods. For the field-free nonadiabatic dynamics a variety of approaches have been devised, the most widely used being Tully's surface hopping procedure 25, 26 . The inclusion of laser pulses into molecular dynamics simulations has been achieved in the framework of our field-induced surface hopping method (FISH) 27 and successfully applied, e.g. for the simulation of light-induced photodynamics, time-resolved photoelectron spectroscopy (TRPES) [28] [29] [30] or coherent control 27, 31, 32 , respectively.
Here we focus on the photodynamics of the amino acid alanine (Ala), which has been subject to numerous experimental studies 11, 12, [33] [34] [35] [36] [37] [38] and of significant interest in theoretical works [39] [40] [41] [42] [43] . Our aim is to explore the photochemistry of Ala induced by the interaction with circularly polarized UV light. Ala is the smallest chiral amino acid and thus serves as a prototype system for the investigation of ee under interstellar conditions. In order to study the photodynamics using polarized laser pulses, we have extended our FISH approach 27, 28 by the explicit inclusion of the magnetic field, coupled to the molecule via the magnetic transition dipole moments. This methodology is generally applicable to the investigation of the photochemistry of chiral compounds and it includes both electronic and nuclear dynamics at the mixed quantum-classical level.
Method section
The simulations are performed by the following steps: First, 3000 initial conditions for an ensemble of trajectories have been generated from a 1 ns long trajectory in the electronic ground-state at constant temperature (T = 50 K). The temperature has been chosen in order to mimic the temperature of objects in the Kuiper belt, which is presumed to be the region of origin for many comets 44 . In order to average over the molecular orientations we have rotated each starting geometry
as well as the velocities by the uniformly randomized Euler angles {0 < α i < 2π}, {0 < β i < π} and {0 < γ i < 2π}, respectively. The L-enantiomer of Ala has been obtained by inversion of the atomic coordinates of D-Ala through the center of coordinates, which has been chosen to be the chiral carbon atom.
From these initial conditions, we have launched our semi-classical FISH molecular dynamics running for 1.5 ps in the manifold of the lowest 4 excited states and the ground-state.
The Newtonian equations of motion for the nuclei are integrated using the velocity Verlet algorithm 45 with a time step ∆t = 0.1 fs, where the gradients on the nuclei are obtained from the multi-reference configuration interaction OM2 method 46 . Along each trajectory R(t) the electronic degrees of freedom are propagated by solving the time-dependent Schrödinger equation in the manifold of adiabatic electronic states coupled by the electric field E(t), by the magnetic field B(t) and by the nonadiabatic coupling terms d ij :
Here, E i (R(t)) represents the adiabatic energy of the i-th electronic state, µ ij and m ij are the electric and magnetic transition dipole moments, respectively, and c i (t) are the expansion coefficients of the electronic wave function. The equation was numerically integrated using the 4-th order Runge-Kutta method with a step size of 10 −5 fs.
The electronic state in which the trajectory resides is determined by a stochastic surface hopping algorithm, using the hopping probabilities calculated from the change of the quantum electronic state populations ρ ii = c * i c i according to
where the Θ functions are defined to be one for positive arguments and zero otherwise. Notice that in Eq. (1) the shape as well as the polarization of the laser field are not restricted to specific cases. This leads to a variety of possible pulse envelopes and polarizations, including left and right circular or elliptical polarization, allowing us to apply our formalism for many purposes like control of laser-induced processes or the simulation of spectroscopic observables.
It should also be noticed that the transition dipole matrix elements µ ij and m ij as well as the nonadiabatic coupling term d ij in Eq. (1) are parametrically dependent on the nuclear trajectory R(t) and thus are calculated in each nuclear time step.
Throughout this work, we have used CPL where the laser field is propagated in z-direction and has a Gaussian shaped envelope:
for R-CPL, respectively. The magnetic field is defined perpendicular to the electric field (Eq. (3)):
The pulse has been chosen to have a full width at half maximum (FWHM) of 500 fs (σ ≈ 212 fs) and is centered at t c ≈ 554 fs, such that the molecule is allowed to relax in the excited state for about 0.5 ps after the pulse has ended. During the pulse (0 ≤ t ≤ FWTM ≈ 911 fs, FWTM: full width at tenth of maximum) the energy conservation due to electronic state change is switched off, under the presumption that all energy originating from the laser pulse is absorbed by the molecule. After 911 fs we switch on energy conservation, employing uniform rescaling of the velocities of the nuclei when a state switch occurs according to the energy difference of the electronic states. The field amplitude has been chosen E 0 = 2 √ 2 GV/m, in order to yield a reasonable excitation efficiency to the excited state.
Notice, that the inclusion of the coupling of the field to the electric quadruple moment Q, which is in the same order of magnitude as the magnetic dipole coupling, is straightforward by including a third term of the form iω 2c
Q ·ê z · E(t) into Eq. (1). However, analytically the the contribution of electric quadrupole coupling vanishes upon rotational averaging 47 , which has been employed in this study.
The chirality on the four bound carbon atoms is determined with the following algorithm:
1) we assigned the priority of each ligand according to the nuclear charges, 2) the ligand with the lowest priority (hydrogen) is aligned to the z -axis and the molecule is projected on the x-y-plane and 3) the ligand with the second priority (methyl group) is aligned to the y-axis and the molecule is projected on to the x -axis. Now, if the ligand with the highest priority is on the left of the chiral carbon atom on the x -axis we have assigned it to S -type and, otherwise to the R-type.
Results and Discussion
We explore the photochemistry of Ala under the influence of circularly polarized light employing the extended version of the FISH method.
Ala has 5 energetically close-lying conformers 49 in the ground electronic state, which are connected by low energy barriers. In order to sample the most abundant conformers, we have run a 1 ns long molecular dynamics (MD) simulation of D-Ala in the electronic groundstate using the multi-reference configuration interaction (MR-CI) OM2 method 46 . In order to obtain statistically reliable ee values in the excited state dynamics simulations, one has to run a large number of trajectories. Thus, we sampled 3000 structures and velocities in regular time intervals from the constant temperature MD. These structures served as starting points for the simulation of the photochemistry of Ala under the influence of the CPL.
CD Spectroscopy. In Figure 1 we present the UV/Vis, electronic CD (ECD) and anisotropy spectra of Ala calculated from the sampled geometries. The oscillator strength f i ∝ |µ 0i | 2 in the UV/Vis spectrum (Fig. 1a) is directly linked to the extinction coefficient = L−CP L + R−CP L while the rotatory strength R i ∝ |µ 0i ||m 0i | in the ECD spectrum (Fig. 1b) is related to the differential extinction coefficient ∆ = L−CP L − R−CP L . These two quantities can be used to define the anisotropy g = ∆ / (Fig. 1c) , which measures the ratio between ∆ and . It has been experimentally shown that the anisotropy allows, together with the extent of the photolysis reaction, ξ, for an estimation of the lower limit for the photochemically inducible ees: ee ≥ 1 − (1 − ξ) g/2 11,37 . The anisotropy factor may be approximated by g i ≈ 4
, presuming the shape of the CD and absorption signal are the same and the permittivity is set to one 50 . As can be seen from Fig. 1b ) and c) the ECD and anisotropy spectra differ in their sign for both enantiomers, where the red curves indicate the envelope of the L-Ala spectra and the blue curve the envelope of the D-Ala spectra.
The UV/Vis spectrum (Fig. 1a) shows two well-separated absorption peaks at about 270 nm (S 1 ) and 220 nm (S 2 ), respectively. While the S 1 state shows only a weak absorption in the UV/Vis and ECD spectrum (Fig. 1b) , the S 2 state has high oscillator and rotatory strength. In this spirit the S 2 state would be a good choice as a target state for the laser driven molecular dynamics. However, it bears only a very small intensity in the anisotropy spectrum (Fig. 1c) . In order to obtain high population transfer to the excited state as well as high ee values, we have therefore chosen the S 3 state, located at 190 nm, as the target state, which has a high anisotropy factor compared to the S 2 state. The S 4 state is close to the S 3 state, but has lower oscillator and rotatory strength. For comparison experimental spectra are given in the right panels of Fig. 1 (Fig. 1d-1f) . Note, that the calculated spectra in Fig. 1 have been red-shifted by 15 nm. The UV/Vis spectrum ( Fig.   1d ), obtained from Ala in methanol solution 48 , indicate a weak band at about 250 nm and a intense band below 210 nm. Thus, the energies are red-shifted by about 20 nm, which can be attributed to the influence of the polar solvent. The experimental ECD spectra of cold Ala films (Fig. 1e,  33 ) have a weak band at 200 nm and two stronger bands at 180 and 158 nm, both with opposite sign compared to the first one. The calculated anisotropy spectra (Fig. 1c) and the experimental obtained anisotropy spectra (Fig. 1f,  37 ) both exhibit a weak band at about 200 nm, an intense band at about 190 nm and a weaker band at 180 nm, each with opposite signs. It should be noted however, that the experimental values for the ECD and anisotropy spectra were obtained from Ala films, where the zwitterionic form is the predominant isomer 33 , while we investigated the neutral Ala that is the dominant form in the gas phase. The same holds true for the UV/Vis spectrum obtained in methanol, however, to our knowledge no absorption spectra of Ala films have been published so far. Although the comparison of the measured and predicted spectra is not straightforward, theoretical investigations using density functional theory find a blue shift from 274 nm to 268 nm for the S 1 state when switching from the neutral to the zwitterionic form, while the S 2 , S 3 and A representative trajectory for the photolysis of L-Ala illustrating both mechanisms (isomerization and fragmentation) is presented in Fig. 2 . L-Ala is photo-excited to the S 3 state at 360 fs by L-CPL, where it quickly relaxes through S 2 to the first excited state. In the S 1 state the fragmentation takes place leading to the loss of the COOH group. Subsequently, the crossing of the S 1 and the S 0 state is reached at 440 fs leading to the nonradiative deactivation to the ground electronic state. Here, the hydrogen at the previously chiral center swings through the molecular plane and COOH recombines to the parent molecule, but this time forming R-Ala. Since the pulse has not ceased yet, the formed R-Ala is photo-excited again at 590 fs and fragments under the loss of COOH from the first excited state.
In order to investigate the different excitation capabilities of R-and L-CPL for both enantiomers, we have computed the electronic state populations P L for L-CPL and P R for R-CPL, respectively, and defined the time-dependent circular dichroism as CD(t) = 2
Since the population is rapidly transferred between the excited states, we show the TDCD values for the ground-state, reflecting the population difference of all excited states with respect to the ground-state. The results are presented in Fig. 3 for L-Ala (red curve) and D-Ala (blue curve) as well as for racemic Ala (rac-Ala, green curve), which is obtained from the sum of the populations of L-and D-Ala. The CD values can be understood such that if CD is positive R-CPL excites the corresponding enantiomer more than L-CPL and vice versa. As expected from the ECD spectra (Fig. 1b) Enantiomeric Enrichment. The direct comparison of TDCD to the experiment is not straightforward since measuring time-dependent electronic state populations is a challenging task, especially for differences no larger than a few percent, and to our knowledge, no such data are available for Ala so far. Instead, most experiments analyzing the ees in amino acids use gas chromatography combined with time of flight mass spectrometry (GC-TOF-MS) or chiral photoelectron spectroscopy (PES), where e.g. Ala is ionized with polarized laser pulses 35, 36 . Since Ala is a fragile molecule in gas phase and undergoes photolysis reactions, we have simulated mass spectra for rac-Ala (Fig. 4) by approximating the ionization as an in-stantaneous process. This enables us to directly compare the outcome of our photodynamics simulations to experiments on Ala.
For this purpose, we calculated the charge distribution at t = 1.5 ps in the cationic ground-state and determined the fragments with a proximity criterion. The obtained Mulliken partial charges were summed over atoms in each fragment and the fragment with a total charge close to +1 was used to simulate the mass spectra shown in Fig. 4 . time and the environmental conditions 11, 38 . However, the enantioselectivity of the photolysis reaction strongly depends on the reaction rate, and the higher ees obtained in experiments rely on photolytic yields of 99.97%, achieved with radiation times of several hours 11 , while we can only account for photolysis of up to 93% due to a much shorter pulse duration. Using the empirically found formula for the lower limit for the inducible ee 11, 37 with an extent of reaction of ξ = 93% we obtain a lower bound for the inducible ee L of approximately 1.6%
for the calculated anisotropy at 190 nm (Fig. 1c ) and 1.1% for the measured anisotropy spectrum (Fig. 1f) . Note that due to the high extent of the reaction and the small number of trajectories contributing to the presented ee L values, there is still an errorof about 0.1%, presuming a gaussian distribution. As a proof that the effect is mainly due to the interaction with CPL we also present the mass spectrum for the simulations with linear polarized light (LPL) in the supplementary material, where the fragmentation is still the dominant mechanism, although the fragmentation rate is approximately 12% lower than for CPL. Counting the number of trajectories where the stereogenic center is still present, we find an ee of 0.0%, as it is expected.
Finally, we also want to point out that, in several trajectories, the stereogenic center is inverted in the electronically excited state. This is indicated by the light shaded areas in Fig. 4 . In total 7 R → S isomerizations (5 with L-CPL and 2 with R-CPL) and 3 S → R isomerizations (1 with L-CPL and 2 with R-CPL) have taken place. After photolysis in the excited state, Ala relaxes to the electronic ground state, where the recombination to either the same or opposite enantiomer is possible. This opens also a possibility for the hypothesis, that chiral amino acids can be formed under the influence of CPL. However, due to the small amount of trajectories undergoing this inversion, no final conclusion can be made.
The analysis of the influence of the pulse parameters (e.g. pulse length, ellipticity and intensity) on the enantiomeric enrichment is still an open, but challenging topic and will be investigated in future work.
Conclusions
In summary, we have implemented the extension to our FISH method including magnetic field coupling and polarized laser pulses. We have tested and successfully demonstrated our This opens a perspective to enantiomeric enrichment due to photochemistry induced by circularly polarized light and has to be investigated further. Altogether, our findings support the hypothesis that homochirality can be induced by circularly polarized light, which may be responsible for enantiomeric enrichment of chiral molecules on extraterrestrial objects prior to their arrival on Earth.
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